Pape, Hans-Christian and Robert B. Driesang. Ionic mecha-charge was abolished, frequency adaptation toward slow-rhythmic firing was delayed, and firing occurred at a more irregular pattern nisms of intrinsic oscillations in neurons of the basolateral amygdaduring strong depolarizing stimuli. It is concluded that a TTXloid complex. J. Neurophysiol. 79: 217-226, 1998. Ionic mechasensitive Na / conductance and the M current contribute to generanisms underlying low-threshold (LTO) and high-threshold (HTO) tion of the LTOs, although their exact role in rhythmogenesis oscillations occurring in a class of spiny neurons within the basolatremains to be determined. HTOs seem to largely depend on a eral amygdaloid complex (see companion paper) were investigated functional coupling between high-voltage-activated Ca 2/ conducin slice preparations of the guinea pig amygdala in vitro. LTOs tances, a Ca 2/ -activated K / current presumably carried through were abolished through local application of tetrodotoxin (TTX, BK Ca channels, and additional voltage-dependent K / conduc-10-20 mM) or a decrease in the extracellular sodium concentration tances. In functional terms, the HTOs are important in determining ([Na / ] o ) from 153 to 26 mM, whereas HTOs were more readily spike frequency adaptation toward a slow-rhythmic firing pattern elicited under these conditions. The effects of TTX and low [Na / ] o during maintained depolarizing influence. were accompanied by a hyperpolarizing shift of the membrane potential by 3 { 1 mV and a decrease in apparent input resistance by 14 { 11 MV. LTOs were not observed during intracellular
In the preceding paper, two types of slow intrinsic oscillaation, voltage responses to sinusoidal current input with changing tions of the membrane potential at 2-10 Hz were described frequency between 0 and 10 Hz were characterized by a peak in in neurons of the lateral (AL) and basolateral (ABl) amygthe response (resonance) at 2.4 { 1 Hz, largely corresponding to dala. The oscillations, referred to as low-(LTO) and highthe frequency range of the LTOs. Resonance behavior was evident as a peak in the impedance amplitude plot (ZA-plot) and a maxi-threshold oscillation (HTO), occurred at a range of memmum in the fast Fourier transformation (FFT). Resonance and brane potentials negative and positive to the threshold for LTOs were concomitantly reduced by TTX and barium (Ba 2/ ; generation of fast spikes, respectively, thereby largely con-2-10 mM) and were preserved during action of extracellular ce-tributing to the generation of regular spike patterns in resium (Cs / ; 10-30 mM) or tetraethylammonium chloride (TEA; sponse to ongoing depolarizing influence. The present study 20-50 mM) , although the peak in the frequency domain tended was aimed at evaluating the ionic mechanisms underlying to shift to lower values in TEA. Application of carbachol (50-these intrinsic oscillations. Particular interest was paid to 200 mM) significantly reduced or blocked LTOs, whereas 4-amino-sodium (Na / ) and calcium (Ca 2/ ) membrane conductances, pyridine (4-AP; 10 mM), iberiotoxin (Ibtx, 10 mM), and apamin due to the significance of a noninactivating Na / current for (20 mM) had no effect. Slow depolarizing/repolarizing current the generation of subthreshold slow oscillations pA/s) evoked HTOs as rhythmic deflections in Llinás 1989; Amitai 1994; Gutfreund et al. 1995; Klink and membrane potential at either phase of the current ramp. Substitu- Leung and Yim 1991) , and the involvement tion of extracellular calcium (Ca 2/ ) by magnesium and addition of cobalt chloride (2-4 mM) blocked HTOs but had no measurable of low-threshold-and high-threshold-activated Ca 2/ cureffect on the propensity of the cells to produce LTOs. HTOs were rents in slow oscillatory activity at hyperpolarized and depoabolished within Ç10 min after impalement of the cells with a larized membrane potentials in other types of neurons (e.g., bis- N, N, 200 Llinás and Yarom 1981a,b, 1986 ; McCormick and Pape mM) -containing micropipette. Intracellular Cs / , extracellular 1990). In light of conflicting results evolving from experiBa 2/ (2-10 mM), or extracellular TEA (20-50 mM) induced an mental and computational studies on the repolarizing mechaincrease in amplitude of the rhythmic discharges and an increas-nisms involved in subthreshold oscillations in different types ingly slowed time course of repolarization at successive oscillatory of cells (Gutfreund et al. 1995; Klink and Alonso 1993) , events, until a steady depolarization was reached at 020 to 010 the possibility was investigated in detail that different commV. Application of Ibtx (10 mM) reversibly abolished rhythmic ponents of K / outward as well as chloride (Cl 0 )-dependent activity during the repolarizing phase of the current ramp, whereas mechanisms may contribute to the different types of oscillacharybdotoxin (2-10 mM) and apamin (20 mM) had no effect.
tory activity.
Changes in the chloride (Cl 0 ) equilibrium potential by approximately /30 mV through intracellular recording with a KNO 3 (3 M) -containing micropipette or lowering [Cl 0 ] o from 128 to 4 M E T H O D S mM, or blockade of Cl 0 conductances through niflumic acid (100 mM), did not significantly effect LTOs or HTOs. The generation Experiments were performed in slices of the basolateral amygdaof repetitive spike patterns on membrane depolarization was sub-loid (BL) complex from guinea pigs (200-350 g). The procedure stantially influenced through removal of extracellular Ca 2/ and of preparation and maintenance of the slices, and the electrophysiological techniques that were used were similar to those described associated blockade of HTOs, in that the initial high frequent dis-in the preceding paper. Glass microelectrodes from thin-walled resulting deflections in membrane potential at Ç2 -6 mV peak-topeak. The input current and the voltage response were digitized at capillaries (TW-100F, World Precision Instruments, Sarasota, FL) were prepared on a Flaming/Brown micropipette puller (Model a sampling rate of 2 kHz, and filtered with anti-aliasing filter at 25 Hz upper corner frequency. This current function was repeatedly P-87, Sutter Instruments, San Rafael, CA) and filled with 4 M Kacetate (resistances of 40-70 MV), 3 M KNO 3 (resistances of applied three to five times at each potential. ASCII files were read into the software Microcal Origin V4.01 (Microcal Software, 40-60 MV), or 1% biocytin in 2 M K-acetate (resistances of 50-90 MV). In some experiments, neurons were impaled with Northampton, MA), data were averaged and transformed into the frequency domain through fast Fourier transformation (FFT). Part microelectrodes containing at the outermost tip 2 M K-acetate, 1% Biocytin and at more proximal parts 2 M cesium (Cs / ) acetate of the noise in the FFT curves resulted from the discrete transformation procedure and increased at the boundaries. Impedance (Z ) (resistances of 50-70 MV), or 4 M K-acetate with either 50 mM N-ethylbromide lidocaine (QX 314; resistances of 40-70 MV) is a complex number defined as Z Å Z real / Z imaginary Å FFT(V )/ FFT(I) (cf. Fig. 2 ). Because of the increased noise level at the or 50-200 mM bis-(2-aminophenoxy)-N,N,N,N-tetraacetic acid (BAPTA; resistances of 30-60 MV).
boundaries, this calculation turned out to be useful for frequencies between 0.85 and 9 Hz. The curves were smoothed using a 10-point adjacent averaging algorithm to further reduce noise. The
Drug application
LTO was represented as a peak in impedance or amplitude at 2.4 { 1 Hz in the impedance amplitude plot (ZA-plot) and FFT, Changes in the ionic composition of the bathing medium were respectively (Fig. 2, A and C) . The peak was determined by differachieved by the following substitutions: 1) the extracellular Na / entiating a third-order polynomial fit of the smoothed curve. Freconcentration was decreased from 153 to 26 mM by replacing quency domains were compared at different prevailing values of NaCl and NaH 2 PO 4 with choline chloride, 2) Ca 2/ was omitted the membrane potential before and during action of pharmacologifrom the solution by replacing CaCl 2 with 2-4 mM MgCl 2 , 3) cally active substances. To investigate the effects of CCh on LTOs, tetraethylammonium (TEA) was applied by equimolar substitution a slow depolarizing current ramp (3.5-7 pA/s) was injected from for NaCl, and 4) the extracellular Cl 0 concentration ([Cl 0 ] o ) was a potential of Ç10 mV negative to spike threshold, and the amplilowered from 128 to 4 mM by substitution of sodium isethionate tude of the current ramp was adjusted to move the membrane for NaCl and KCl by K-acetate. DC offsets due to changes in potential through the voltage range of LTO generation to firing junction potential at the Ag-AgCl reference electrode in different threshold. Before calculation of a FFT, the slow current-induced Cl 0 concentrations were compensated in the following way: the voltage shift was subtracted from the original traces through the membrane potential at which Na / spikes were elicited was deteruse of polynomial fits of first (control, wash) or third order (CCh). mined in normal bathing solution. During introduction of a differFFTs were then calculated over a period of 8.192 s ending 20 ms ent Cl 0 solution, this firing threshold was repeatedly monitored, before generation of the first spike. and its reading was kept constant by adding current to the input After blockade of the LTOs through tetrodotoxin (TTX), HTOs circuitry of the amplifier. Complete exchange of the solution was were analyzed in the following way. A slow depolarizing current indicated by a constant reference potential. At the end of the experiramp (25-125 pA/s) was injected at resting potential, whose amment, the change in reference potential was controlled by measurplitude was adjusted to move the membrane through the voltage ing the DC offset of the electrode in normal bathing solution.
range of HTO generation toward inactivation of the oscillatory Finally, when cobalt, cadmium, or Ba 2/ were introduced, MgCl 2 mechanisms ( Fig. 6 ; cf. companion paper Pape et al. 1998) . The was substituted for MgSO 4 and NaCl for NaH 2 PO 4 to avoid precipimaximal current was maintained for 5 s, followed by a slow repotation. Substances were superfused on parts of the slice containing larizing current ramp (12.5-62.5 pA/s) toward the zero current the AL and ABl through pipettes of a large tip diameter (10-level. The HTO was clearly discernible as rhythmic deflections in 20 mm) by constant low pressure (Picopritzer II, General Valve, membrane potential during the depolarizing and repolarizing phase Fairfield, NJ). Carbamylcholine chloride (carbachol, CCh) was of the current ramp (Fig. 6 ). The amplitude of the current ramp locally applied in small volumes (5-15 pl) through pipettes (tip was adjusted to reach similar final values of the membrane potential diameter 2-5 mm) that were either positioned on the exposed surbefore and during drug action, and drug-induced changes in resting face of the slice or lowered into the slice, until maximal responses potential were compensated by DC injection. Data are presented were elicited. Substances were obtained from Sigma, except for as means { SD. v-conotoxin GVIA (Cgtx), v-agatoxin IVA (Agtx), iberiotoxin (Ibtx; from Research Biochemicals International, Natick, MA), and CGP 35348, which was a generous gift from Ciba Geigy et al. 1996a; Puil et al. 1986 ) was used to estimate drug-induced HTOs were not significantly different in neurons of the AL alterations of the LTOs. In particular, a direct current (DC) was and ABl, and therefore the results are pooled.
injected to hold the neurons near the desired membrane potential, followed by injection of an alternating current (AC) with constant Fig. 1B ). The effects of TTX and low [Na / ] o were accompanied by a was depolarized through DC injection into the range of LTO generation and subthreshold to generation of fast spikes, i.e., hyperpolarizing shift of the membrane potential by 3 { 1 mV and a decrease in apparent input resistance by 14 { 11 to 053 mV, a peak in the response (resonance) was reached at intermediate frequencies ( Fig. 2A , left trace). The reso-MV (n Å 14), indicating reduction of a steady inwardly directed membrane conductance that is activated at the volt-nance behavior was evident as an impedance peak in the ZA-plot ( Fig. 2A ) and a maximum in the FFT (Fig. 2C ). age range of LTO generation. The interruption of LTOs was not secondary to the shift in membrane potential and de-The maximum occurred at an average frequency of 2.4 { 1 Hz (n Å 18), i.e., well within the frequency range of the crease in input resistance, because the initial value of the membrane potential was routinely restored through injection LTO (1-3.5 Hz; cf. companion paper). That this resonance behavior indeed represented the LTO was indicated by the of depolarizing current, and an increase in apparent input resistance through local application of Mg 2/ (10 mM) did finding that both phenomena, resonance and LTO, were substantially reduced or blocked by local application of TTX not reinstate the LTOs (n Å 6; data not shown). In addition, LTOs were not observed when neurons were impaled with (20 mM; n Å 3). During action of TTX, the resonance peak was reduced to Ç30% in the ZA-plot ( Fig. 2A) , and micropipettes containing the lidocaine derivative QX 314 (50 mM), and which blocked fast Na / spikes within Ç5-frequency responses displayed no clear maximum in the FFT (Fig. 2C ). The interruption of resonance behavior was not 10 min after impalement (n Å 8; data not shown). Omitting Ca 2/ from the bathing medium and adding cobalt chloride secondary to the shift in membrane potential and decrease in input resistance during action of TTX, because the initial (2-4 mM) resulted in a decrease in amplitude and duration of hyperpolarizing afterpotentials succeeding fast spikes and value of the membrane potential was routinely restored through injection of depolarizing current, and the amplitude blocked the HTOs (see below), but had no measurable effect on the propensity of the cells to produce LTOs ( n Å 8; Fig. of the current input function was adjusted to keep the resulting deflections in membrane potential similar to the max-1A). In fact, the LTOs appeared more regular in low [Ca 2/ ] o , presumably due to blockade of interacting synaptic imal deflections obtained under control conditions ( Fig. 2A , middle column; Fig. 2C , left column). Moreover, TTX had influences. Local application of TTX (20-30 mM) abolished the LTOs in the same cells (Fig. 1A) , thereby strongly no measurable effect on neuronal responses in the frequency domain at around the resting potential (Fig. 2B ). indicating the contribution of a TTX-sensitive, Na / -dependent membrane conductance.
The hyperpolarization-activated cation current, termed I h , reportedly contribute to generation of LTOs in neocortical The ionic mechanisms underlying the LTOs were further examined using the frequency domain analysis. Voltage re-neurons (Hutcheon et al. 1996a,b) . In amygdaloid neurons, extracellular application of Cs / at 10-30 mM, which blocks sponses of 18 neurons to intracellular injection of current with changing frequency (range 10 to 0 Hz) were analyzed. I h in many preparations (as reviewed by Pape 1996), had no measurable effect on the LTOs (n Å 9) or the resonance At resting potential (i.e., 069 mV), maximal voltage response to the sinusoidal current input occurred at low behavior (n Å 4). Moreover, there was very little, if any, anomalous membrane rectification in the hyperpolarizing difrequencies, and the response decreased monotonically J232-7 / 9k22$$de52
12-09-97 09:43:05 neupa LP-Neurophys substantial increase in duration of Na / spikes and high-threshold Ca 2/ action potentials (see, e.g., Fig. 6 ). LTOs were preserved in all cells that were tested (n Å 5), although the peak in the frequency domain sometimes shifted to lower values during action of TEA (n Å 2; Fig. 3C ). In addition, 4-AP (10 mM), a blocker of A-type K / conductances (reviewed by Rudy 1988; Storm 1993) known to contribute to spike repolarization in amygdaloid neurons (Gean and Shinnick-Gallagher 1989), did not significantly affect the generation of LTOs (n Å 6; data not shown). Ibtx (10 mM; n Å 3) and apamin (20 mM; n Å 6), which block Ca 2/ -activated K / channels of the BK Ca -and SK Ca -type, respectively (reviewed by Sah 1996), had no measurable effect on the LTOs (data not shown). Finally, intracellular recording with a 3 M KNO 3 -filled micropipette and injection of NO / spikes (053 mV), a peak in response amplitudes is reached at 13 s after current onset ( left trace) and is represented as a peak at 2.5 Hz in the impedance amplitude plot (ZAP, right panel). Local application of TTX (20 mM) strongly reduces resonance behavior (middle trace) and peak in the ZA-plot (right). The ZA-plot is smoothed in this and following figures by 10-point adjacent averaging. Note that the amplitude of the current input function has been increased by /5 dB during action of TTX (cf. horizontal lines in C) to elicit amplitudes of voltage response comparable with those obtained under control conditions. B: the same current input function applied at resting membrane potential (069 mV). The maximum impedance is reached at lowest frequencies, as is expected for a passive resistor-capacitor (RC) circuit, with no measurable differences occurring before and during action of TTX. C: current input function, starting with a frequency of 10 Hz with continuous decrease to 0 Hz within 20 s (left trace). The fast Fourier transformation (FFT) plot of the current function (middle) reveals an almost equal distribution of the frequencies with increasing errors at the boundaries. FFT plot of the membrane potential at 053 mV (right) reveals a peak under control conditions and no clear peak in TTX. rection in the population of oscillating amygdaloid neurons (data not shown). cated by a respective shift in the reversal potential of strych-to be difficult during action of CCh, due to the high-input resistance and strong tendency of the cells to fire action nine-sensitive glycine-induced responses. By contrast, LTOs potentials on injection of sinusoidal current at low frequenwere not significantly influenced under these conditions (n Å cies. Therefore the influence of CCh on oscillatory activity 3; data not shown).
Hyperpolarizing mechanisms of LTOs
was investigated using FFT of LTOs in 14 cells. Injection The subthreshold activation range of the LTOs suggested of a slow depolarizing current ramp was used to move the an involvement of the M current, which differs from other membrane from resting level through the range of LTO gentypes of K / currents in that it both activates below the eration toward the threshold for spike generation. LTOs were spike threshold and does not inactivate and is completely clearly discernible as rhythmic deflections of the membrane suppressed by muscarinic agonists (Brown and Adams 1980;  potential in a subthreshold range of membrane potential reviewed by Brown 1988). The M current has been found to (Fig. 4A) . After application of CCh, responses to the slow exist and to be suppressed by CCh in basolateral amygdaloid depolarizing current ramp consisted of a relatively fast deponeurons (Womble and Moises 1992). In the present study, larization of concave trajectory with no indication of LTOs local application of CCh (50-200 mM) resulted in an in- (Fig. 4C ). Calculation of FFT over a period of 8.192 s crease in input resistance and blockade of the slow hyperpobefore generation of the first spike (see METHODS ) verified larizing afterpotentials following repetitive spike activity the presence and absence of LTOs before and during action (Fig. 4B) (Fig. 4, E and F) . Moreover, during Moises 1993a). Analysis of resonance behavior turned out action of CCh, the membrane potential could not be stabilized (e.g., through injection of a holding current) in a region just subthreshold to spike generation due to a depolarizing response that was intrinsically generated by the cell. In the population of cells that were tested, LTOs were abolished in six cells and reduced by ú50% in eight cells during action of CCh, as judged from the decrease in power of the resonance peak at Ç2.3 Hz in the FFT. The effects of CCh were reversible (Fig. 4, D and G) .
Depolarizing mechanisms contributing to production of HTOs
Decreasing [Na / ] o from 153 to 26 mM (n Å 4) or applying TTX (20-30 mM; n Å 45) blocked LTOs and fast Na / spikes (Fig. 5A, a1 and a2 ), but did not abolish HTOs (Fig. 5A) . Rather, the HTOs were more readily elicited by membrane depolarization in low [Na / ] o or TTX, presumably due to the decrease in slope conductance at potentials negative to the range of HTO production associated with blockade of the Na / -dependent mechanisms (cf. Fig. 3 in the preceding paper). By contrast, omitting Ca 2/ from the extracellular solution and adding cobalt chloride (2-4 mM) or cadmium chloride (0.5-1 mM) blocked HTOs in all cells that were tested (n Å 8, Fig. 5B ). In addition, hyperpolarizing afterpotentials following spike discharges were substantially reduced (Fig. 5B, b1 and b2) . The notion that Ca 2/ -dependent membrane conductances are critically involved in the generation of HTOs was supported by the observation that HTOs were abolished within Ç10 min after impalement  FIG . 4 . Sensitivity of LTOs to carbachol (CCh). Depolarizing current of the cells with a BAPTA (200 mM) -containing micropiramps are injected from predepolarized levels of the membrane potential pette (n Å 11, data not shown). Local application of nifediand adjusted to move the membrane through the range of LTO generation pine (100 mM; n Å 2), and the selective Ca 2/ channel toward firing threshold. A: under control conditions, LTOs occur in a volt-antagonists Cgtx (100 mM; n Å 2) (Tsien et al. 1988 ) and age range before spike generation (indicated by horizontal bar). B: after Agtx (50 mM; n Å 1) (Mintz et al. 1992 ) did not signifilocal application of CCh (100 mM), the slow afterhyperpolarization (AHP) following a train of spikes (evoked by injection of a 0.8 nA, 500 ms current cantly affect the HTOs (data not shown). at successive oscillatory events and, finally, in an interrup-(20 mM; n Å 8) and charybdotoxin (2-10 mM; n Å 4), by comparison, did not exert a measurable effect on the HTOs. tion of the HTOs (n Å 9, not shown). The underlying mechanisms were further analyzed by slowly moving the mem-Finally, changes in the Cl 0 equilibrium potential by about /30 mV (as indicated by a respective shift in the reversal brane from rest through the potential range of HTO generation by injection of a slow depolarizing/repolarizing current potential of strychnine-sensitive glycine responses) through intracellular recording with a KNO 3 (3 M) -containing elecramp (see METHODS ). The HTOs occurred as rhythmic deflections in membrane potential during both the depolarizing trode (n Å 6) or lowering [Cl 0 ] o from 128 to 4 mM (n Å 3), or blockade of Cl 0 conductances through local superfuand the repolarizing phase of the current ramp (Fig. 6A) . Intracellular Cs / induced an increase in amplitude of the sion of niflumic acid (100 mM; n Å 2), did not significantly influence generation of HTOs (data not shown). rhythmic discharges and an increasingly slowed time course of repolarization, until a steady depolarization was reached at approximately 020 to 010 mV (Fig. 6A) . Depolarization Influence of Ca / -dependent mechanisms on repetitive was maintained during the initial repolarizing phase of the firing patterns current ramp, followed by a sudden drop in membrane potential toward the activation threshold of the HTOs during fur-
The results of the preceding paper indicated a contribution of intrinsic oscillatory properties to the patterning of repetither relieve of depolarizing current (Fig. 6A) . Similar effects were observed after application to oscillating cells of TEA tive firing during maintained levels of membrane polarization. To further evaluate the influence of Ca 2/ -mediated (20-50 mM; n Å 7; Fig. 6B ) or Ba 2/ (2-10 mM; n Å 3; Fig. 6C ), thereby strongly indicating the involvement of HTOs, long (ú50 s) depolarizing current pulses of increasing amplitude were injected from resting levels, and firing K / conductances in the repolarization of the HTOs. These conductances appear to include Ca 2/ -activated K / channels, patterns were analyzed using plots of instantaneous frequency versus time before and after blockade of HTOs by because local application of Ibtx (10 mM), a blocker of BK Ca channels (reviewed by Kaczorowski et al. 1996 ; Sah removing Ca 2/ from the bathing medium and adding cobalt chloride (2-4 mM, n Å 3). A typical experiment is illus-1996), reversibly abolished rhythmic activity during the repolarizing phase of the current ramp (n Å 3; Fig. 7 ). Apamin trated in Fig. 8 . As noted before (Fig. 5 in the preceding J232-7 / 9k22$$de52
12-09-97 09:43:05 neupa LP-Neurophys paper), responses of the cells in the control solution consisted of an initial high-frequency discharge of Na / spikes, the frequency of which depended on the amplitude of the depolarizing current, followed by a rapid decline toward slow-rhythmic firing at 2-10 Hz. Removal of extracellular Ca 2/ strongly reduced the initial high-frequent discharge FIG . 7. Effects of iberiotoxin (Ibtx) on HTOs. Same stimulus protocol (Fig. 8, A1 and B1) and significantly delayed the decline as in Fig. 6 . After local application of Ibtx (10 mM), repolarization of HTOs is slowed, and HTOs are abolished during the repolarizing phase of the current ramp and replaced by short periods of damped oscillations following short hyperpolarizing current pulses. Recovery occurs 15 min after wash of Ibtx.
toward slow-rhythmic firing (Fig. 8B2) , thereby resulting in an increase in firing frequency in an intermediate period of time between 0.3 and 40 s after onset of the depolarizing stimulus (Fig. 8, A and B) . At increased depolarizing current strength, ongoing activity following the initial accommodating period was associated with a progressive decrease in amplitude and an increase in duration of the Na / spikes, due to Na / inactivation and recruitment of the mechanisms underlying HTOs (see also Figs. 4 and 6 in Pape et al. 1998) . HTOs fully replaced Na / spikes within 1-2 min, resulting in a constant frequency of electrogenic activity at 6 Hz determined by the HTOs (Fig. 8C3) . During blocked influx of Ca 2/ , spike frequency adaptation was characterized by a slower decline compared with that under control conditions (Fig. 8C1) , a sudden drop in frequency at Ç10-20 s after onset of the depolarizing stimulus (Fig. 8C2) , and maintained firing at slow frequency and irregular pattern (Fig. 8C3 ).
D I S C U S S I O N
In the present study, frequency domain analysis and current ramp protocols were combined with pharmacological approaches to understand the mechanisms underlying the two types of intrinsic oscillations operating at different ranges of membrane potential in amygdaloid neurons. A first point of discussion has to consider frequency domain analysis that was used to investigate the mechanisms under- (Meis and Pape 1997; Womble and Moises 1993a) . The contribution of a leak K / conductance to the LTOs cannot be completely ruled out, although the observation that an increase in apparent input conductance by Ç30% through application of Mg 2/ did not significantly alter the ability of the cells to oscillate (data not shown), argues against this possibility. An inactivating A-type K / current (Gean and Shinnick-Gallagher 1989; reviewed by Rudy 1988; Storm 1993) seems not to be involved, because LTOs could be evoked from predepolarized values of the membrane potential at which the conductance underlying I A is largely inactivated (data not shown), and LTOs were not affected by 4-AP. The relative insensitivity of the LTOs to 2/ results in a blockade nance behavior, thereby arguing against a contribution of of the initial high-frequent discharge (A1, B1), a delayed decline toward the hyperpolarization-activated cation current, I h (Womble slow-rhythmic firing (B2), and a sudden drop in frequency followed by a and Moises 1993b; reviewed in Pape 1996). We are thus left slow irregular firing pattern at stronger depolarizing influence (C2, C3). with the conclusion that the M-type K / current contributes to See text for further details.
LTOs, although its exact role cannot be deduced from available data. Activation of I M may just help to maintain the possible location and spatial segregation of the respective membrane potential at a stable oscillatory level, with LTOs ion channels.
being generated by a Na / current and an as yet undetermined type of outward current. As an alternative, a persistent Na
/

Contribution of a Na
/ current and the M current to LTOs current and the M-type K / current may periodically interact with the membrane capacitance, thereby resulting in a sinuThe LTOs are blocked by intracellular injection of QX 314, application of TTX, and bathing solutions containing soidal deflection in membrane potential capable of triggering spike activity. Support of the latter hypothesis comes from low concentrations of Na / , indicating the involvement of Na / currents. The dominant Na / current appears to rapidly guinea pig frontal cortical neurons, in which an interrelation between a persistent Na / current and a slowly activating activate in a voltage-dependent manner and to persist during maintained depolarization, as is indicated by the TTX-in-and noninactivating K / current was found to produce subthreshold oscillations and resonant behavior at 4-20 Hz duced decrease in apparent input resistance and associated J232-7 / 9k22$$de52
12-09-97 09:43:05 neupa LP-Neurophys (Gutfreund et al. 1995) . Results from modeling experiments genic events of up to 40 mV suggest the involvement of various types of K / conductances of the ''delayed rectifier'' indicated that the magnitude of the K / relative to the Na
